Recent studies have shown that some clupeid fishes, including shad and menhaden, can detect ultrasound (sound with frequencies higher than 20 kHz) and actively avoid it. However, other clupeids, including sardines and anchovies, do not detect ultrasound. The hearing abilities of herring are of particular interest because of their commercial importance, our reliance on acoustics to monitor their populations and behavioural evidence of responses to high-frequency sound by some clupeid species. We measured the hearing sensitivity of Pacific herring (Clupea pallasii) using the auditory brainstem response and found that they were unable to detect ultrasonic signals at received levels up to 185 dB re 1 mPa. Herring had hearing thresholds at lower frequencies (100-5000 Hz) that were typical of other non-ultrasound-detecting clupeids. This lowerfrequency hearing sensitivity could explain the results of several earlier studies showing responses to broadband sounds.
INTRODUCTION
Management of herring stocks (Clupea spp.), the fourth largest worldwide fishery by tonnage (FAO 2001) , relies on critical measurements of biomass using active acoustic sonar surveys that typically use ultrasonic frequencies (frequencies higher than 20 kHz). Recent studies have shown that some clupeid fishes, including shad and menhaden, can detect ultrasound (sound with frequencies higher than 20 kHz) and actively avoid it, thereby affecting the ability to perform stock assessment using these acoustic methods (Dunning et al. 1992; Nestler et al. 1992; Ross et al. 1995 Ross et al. , 1996 Mann et al. 1997 Mann et al. , 1998 Mann et al. , 2001 ). Other clupeids, including sardines and anchovies, do not detect ultrasound (Mann et al. 2001) . Major efforts have been undertaken to investigate and limit herring responses to lower-frequency vessel noise (Fernandes et al. 2000) , but concerns remain for the sonar itself. If herring avoid the survey sonar, as has been demonstrated for blueback herring and alewives (Dunning et al. 1992; Nestler et al. 1992) , then it could greatly limit the usefulness of this technique for determining their abundance, distribution and behaviour.
Several reports have suggested that herring may be able to detect ultrasound, whereas others have suggested they do not. Fishing nets, for example, equipped with high-frequency pingers (typically greater than 10 kHz) had reduced Atlantic herring catches in one study (Kraus et al. 1997) , but not in two others (Trippel et al. 1999; Culik et al. 2001) . In another study, Pacific herring were shown to change their behaviour in response to simulated echolocation clicks (Wilson & Dill 2002) . The acoustic signals in these studies were often broadband and contained energy from less than 4 kHz to ultrasonic frequencies. Thus, in studies where there was a behavioural response, it was not clear whether the herring were responding to the lower-frequency components or to the ultrasound. The goal of this study was to determine the audiogram of Pacific herring using pure tone stimuli, and thereby assess their ability to detect ultrasonic pingers and echosounders.
MATERIAL AND METHODS
Live Pacific herring (Clupea pallasii) were purchased from a commercial bait supplier on Vancouver Island, British Columbia (BC), Canada in June 2003 and were transported to the Division of Fisheries and Oceanography station in Nanaimo, BC. Testing was completed within 3 days of transportation. The auditory brainstem response (ABR; nZ7; stimulus level (SL)Z116-135 mm) was measured in response to pulsed tones at the following frequencies: 200, 300, 400, 600, 800, 1000, 2000, 4000, 5000, 6000, 8000, 10 000, 20 000, 40 000, 60 000 and 80 000 Hz. Water temperature was 13 8C.
The test tank was 72!6!26 cm 3 (length!width!depth). Sounds were 20 ms duration. Hanning-windowed tone pulses were presented 11 times per second, and were generated with a TuckerDavis technologies ABR workstation with BIOSIG software. Two transducers were used. An aqua-synthesis underwater speaker located 5 cm from the far wall opposite the fishes (57 cm to the fishes) was used for stimuli from 200 to 20 000 Hz. An ITC-1042 transducer located 40 cm from the far wall (this transducer was closer to provide maximum sound levels; i.e. 22 cm from the fishes) was used to generate signals at 40, 60 and 80 kHz. Sounds were presented from low sound levels to higher sound levels. Signals were calibrated with a Reson hydrophone and showed no frequencies outside the test frequency.
Fishes were temporarily anaesthetized in MS-222 and restrained in a nitex mesh sling and held 19 cm below the water surface. Fishes were allowed to recover from anaesthesia prior to testing. No MS-222 was supplied during ABR acquisition. To record ABR signals, a ground electrode was placed in the test tank, a recording needle electrode (Rochester Electro-Med) was placed subdermally just above the skull, and a reference needle electrode was placed in the dorsal musculature. Impedances were typically less than 1 kU. All electrodes were insulated except for the tip. ABR signals were amplified 10 000! and bandpass filtered from 10 to 15 000 Hz. ABR signals were acquired for 50 ms and measured by averaging the amplified evoked potentials from up to 2000 signal presentations. Thresholds were calculated as the lowest sound levels that visually yielded a consistent evoked potential above background levels. Controls were run with dead fishes to verify that all evoked potentials were not electrical artefacts.
All procedures were approved by the Institutional Animal Care and Use Committees of the University of South Florida and the University of British Columbia.
RESULTS
Herring showed ABR responses to signals of up to 5000 Hz, but never to ultrasound (maximum sound pressure levels tested owing to transducer limitations were 40 kHz, 172 dB re 1 mPa; 60 kHz, 179 dB re 1 mPa, 80 kHz, 185 dB re 1 mPa; figure 1a) . Herring also showed no overt behavioural response to ultrasound presentation while in the test apparatus.
Evoked potentials to low-frequency sounds (200-1000 Hz) showed two signals. One was a series of troughs and peaks from 25 to 50 ms, and the other was a frequency doubling of the test signal ( figure 1a) . Evoked potentials to higher-frequency stimuli (2000, 4000 and 5000 Hz) showed the troughs and peaks, but did not have the frequency doubling signal. Hearing sensitivity was best from 200 to 500 Hz, with decreasing sensitivity up to 5000 Hz (figure 1b). No evoked potentials were obtained at 10 or 20 kHz in response to sound presented at 151 dB (the maximum level that the low-frequency transducer could generate).
DISCUSSION
The results of the evoked potential measurements showed that low-frequency thresholds of herring were typical of other clupeids and had a similar shape but less sensitivity than the neural recordings performed with Atlantic herring (Enger 1967) . Like other members of the same subfamily, Clupeinae, the Pacific herring did not show any responses (evoked potential or behavioural) to ultrasound presentation. By contrast, American shad and gulf menhaden show evoked responses to the same stimuli at similar sound intensities, and swim vigorously in response to ultrasound presentation (Mann et al. 2001; Plachta & Popper 2003; Plachta et al. 2004) .
The sensitivity of herring to sounds at frequencies of up to 5 kHz could explain the results of previous studies using stimuli containing a range of frequencies. This is an interesting result because it suggests that herring may use their upper-frequency hearing range to detect predators. A similar response to midfrequency sounds has been hypothesized for some sciaenid fishes that change vocalization patterns in response to dolphin playbacks (Luczkovich et al. 2000) . 
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All Clupeiforme fishes have two pairs of air bubbles in their inner ears that aid in sound detection, and are thought to widen their hearing bandwidth in comparison to other fishes without these specializations (Wohlfhart 1936; Blaxter et al. 1981) . In existing studies, only members of the subfamily Alosinae, which include the shads and menhaden, have been found to detect ultrasound (Mann et al. 2001) . Herring (Clupea spp.) are classified as members of the subfamily Clupeinae. Two other species of Clupeinae, the Spanish sardine and scaled sardine, have not been found to detect ultrasound (Mann et al. 2001) . Our study suggests that like other Clupeinae, herring have sensitivities up to 5 kHz, but not into the ultrasonic range. Significantly, there is a subtle difference in the ears of Clupeinae and Alosinae that may provide a mechanical explanation for why only the Alosinae are able to detect ultrasound (Higgs et al. 2004) .
Shipbased scientific echosounders used in scientific herring surveys typically broadcast pulses at 38 kHz or higher frequencies, with source levels of up to about 220 dB re 1 mPa. While a fish close to the sonar would receive sound levels above those we tested, it would drop to about 186 dB within 50 m, and 180 dB within 100 m. Pre-spawning herring typically school at between 100 and 150 m in depth (Maravelias et al. 2000) , and therefore sound levels at the fishes would be at or below the levels we tested and so inaudible to the fishes even if they could detect these frequencies at higher levels. It is important to note that American shad and menhaden would be able to detect these ultrasonic signals, even at these depths. This finding shows that the sonar used in herring surveys that restrict acoustic signals to ultrasonic frequencies (greater than 20 kHz) should not affect their behaviour, and thus are an appropriate means to survey this commercially important species. At the same time, as all clupeids are able to detect sounds up to 5 kHz, it is important that future designs for sonar systems and other equipment used in fish surveys minimize energy bleeding into frequencies below 5 kHz.
Finally, recent reports show that herring produce high-frequency broadband sounds from 1.7 kHz to at least 22 kHz by releasing bubbles (Wahlberg & Westerberg 2003; Wilson et al. 2004) . Although the function of bubble release is not known, the audiogram suggests that herring should be able to detect these sounds, while most other marine fishes without hearing specializations would not.
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